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Abstract 
Liquid Cd is used as a reaction medium in the pyrometallurgical reprocessing for spent nuclear fuels. The diffusion 
coefficient of a series of key elements, such as actinides and rare earths, in liquid Cd is one of the important physical 
properties for a kinetic analysis of the pyrometallurgical reprocessing. Recently, the authors applied an electrochemical 
method to the measurement of a diffusion coefficient in liquid metal. This presentation summarizes the diffusion coefficients 
of actinides (U and Pu) and rare earths (La, Pr, Nd, Gd, Y and Sc) in liquid Cd measured by the electrochemical method.  
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1. Introduction 
Electrorefining is the main step in the pyrometallurgical reprocessing of spent metal fuels [1]. Figure 1 
represents a principle of the electrorefining. In an eutectic melt of LiCl–KCl containing actinides ions, actinides 
are recovered on the cathodes from the spent fuels loaded in an anode basket; a liquid Cd electrode is used as the 
cathode to recover a series of actinides (U, Pu, Np, Am and Cm) simultaneously, while U is selectively collected 
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on the solid cathode. Liquid Cd is also used as a reaction medium at the waste salt treatment process; actinides 
ions and a part of rare earths ions in the melts are reduced and extracted in a liquid Cd by the exchange reaction 
with Li dissolved in the liquid Cd. Then, the remaining fission products ions are occluded in the structure of 
zeolite to be removed from the melts. As mentioned above, characteristics concerning liquid Cd have a decisive 
influence over the pyrometallurgical reprocessing.  Therefore, for the purpose of designing and optimising the 
process, it is necessary to accumulate data on the thermodynamic and kinetic properties of actinides and rare 
earths in liquid Cd. Although previous studies have reported the thermodynamic properties [2–4], kinetic 
properties such as the diffusion coefficients of most of the important elements in the pyrometallurgical 
reprocessing have not been reported yet [5, 6]. 
Conventionally, a capillary method was used to measure a diffusion coefficient of a solute in liquid metal [5, 
6], however, this method required highly sophisticated experimental techniques to obtain reliable and 
reproducible results. On the other hand, diffusion coefficients in electrolytes [7–9] and solid metals [10] were 
measured by using electrochemical methods which were commonly known to be simple, flexible and sensitive. 
In the previous study [11], the authors proposed an electrochemical method as one of the techniques to measure a 
diffusion coefficient in liquid metal. The electrochemical method was applied to measure diffusion coefficients 
of actinides [12] and rare earths [11] in liquid Cd as summarized in this paper. 
2. Measurement [11] 
When a constant anodic current is applied to a liquid Cd electrode, an element (M: actinides, rare earths) 
dissolved in liquid Cd is oxidized to form M3+ in LiCl–KCl–MCl3 melts, 
 
M (in liquid Cd) ĺ M3+ + 3e– (1) 
 
During the chronopotentiometry, the concentration of M at the surface of the liquid Cd electrode (CM) decreases 
continuously. After CM reaches zero, the electrode potential steeply shifts positive toward the liquid Cd 
dissolution potential. When the transition time (W) is defined as the time until CM drops to zero, the diffusion 
coefficient of M in the liquid Cd (DM) is calculated according to the following equation, 
   
2IW1/2 = 3S1/2FADM1/2C*M (2) 
 
where I, F, A and C*M are the applied anodic current, Faraday constant, electrode surface area and initial 
concentration of M in the liquid Cd, respectively 
 
 
 
 
 
 
 
 
 
 
 
Anode basketSolid cathode Liquid Cd cathode
LiCl-KCl melts at 773 K
Spent metal fuels
MA3+Pu3+U3+ U3+
U Pu
MA
U
REn+ AL+ ALE2+
 
Figure 1 A principle of electrorefining. MA: minor actinide, RE: rare earth, AL: alkaline metal, ALE: alkaline earth metal. 
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3. Experimental 
All experiments were carried out in a glove box with purified argon. The concentrations of oxygen and water 
in the glove box were controlled to be below 10 ppm. A LiCl–KCl eutectic reagent (99.99 % purity, LiCl : KCl = 
58.8 : 41.2 in mol%, m. p. 625 K, Anderson Physics Laboratory (APL)) was melted in an alumina crucible 
(SSA–S, Nikkato Co., Ltd.) at 723–823 K. Electrochemical measurements for evaluating the diffusion 
coefficients of actinides and rare earths were performed in the LiCl–KCl melts containing each chloride. A liquid 
Cd metal (99.9999 % purity, Rare Metallic Co., Ltd.) loaded in an alumina crucible was used as the working 
electrode. The lead for the liquid Cd electrode was a Ta wire covered by an alumina insulator which prevented 
the direct contact between the Ta lead and the melts. The liquid Cd electrode containing an element (M) was 
prepared by potentiostatic electrolysis. The concentration of M in liquid Cd (CM) was kept lower than its 
solubility. Assuming that the current efficiency of reactions at the liquid Cd electrode would be 100 %, CM was 
calculated. Since CM measured by inductively coupled plasma spectrometry after experiments agreed well with 
the value calculated under the above assumption, the assumption was considered to be appropriate. Pieces of each 
metal were used as the counter electrode except for the case of Pu, by which the concentration of M3+ ion in the 
melts was maintained constant. The diffusion coefficient of Pu was measured using a Cd pool containing Pu as 
the counter electrode. The reference electrode was Ag+/Ag electrode consisting of a silver wire immersed in 
LiCl–KCl eutectic melts containing 1 wt% AgCl (99.9 % purity, APL), which was placed in a Pyrex tube with a 
thin bottom to maintain an electrical contact with the melts.  
4. Results and discussions 
4.1. Electrochemical measurement of diffusion coefficient in liquid Cd 
As an example, the electrochemical measurement of the diffusion coefficient of U [12] is presented in this 
section. First of all, cyclic voltammetry was carried out to determine the appropriate condition for the preparation 
of a liquid Cd electrode containing U. Figure 2 shows cyclic voltammogram using a liquid Cd electrode in LiCl–
KCl melts containing 1.6 wt% UCl3 at 773 K in which a cathodic current increases from around –1.20 V. The 
cathodic current increase corresponded to the U deposition in liquid Cd, 
 
U3+ + 3e– ĺ U (in Cd) (3) 
 
During the anodic scan, the anodic peak ascribed to the oxidation of U dissolved in liquid Cd is observed, 
 
U (in Cd) ĺ U3+ + 3e–  (4) 
 
According to previous reports [13], Li deposition in liquid Cd occurs at more negative potential than around –1.5 
V. Therefore, potentiostatic electrolysis was performed at –1.35 V to prepare a liquid Cd electrode containing U.  
Chronopotentiometry of the prepared liquid Cd electrode was carried out at several currents applied. Three 
typical chronopotentiograms are presented in Fig. 3. Each chronopotentiogram shows a potential plateau at 
around –1.23 V corresponding to the oxidation of U dissolved in liquid Cd (reaction 4) and a steep potential shift 
toward positive potential after the U concentration near the surface of the liquid Cd electrode reached zero at t = W
(transition time). The chronopotentiometry was terminated before the potential would reach the Cd metal 
dissolution potential to avoid any losses of liquid Cd. W for each chronopotentiogram was determined as shown in 
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Figure 2 Cyclic voltammogram of a liquid Cd electrode 
in LiCl–KCl–1.6 wt%UCl3 melts at 773 K. Scan rate 
was 50 mV sec-1. 
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Figure 3 Typical chronopotentiograms of the liquid Cd 
electrode containing U in LiCl–KCl–1.6 wt% UCl3 melts 
at 773 K. Applied current was 85, 75 or 65 mA. 
Fig. 3. As shown in the plot of W1/2 against C*UI–1 (Fig. 4), it was confirmed that W1/2 changed linearly with respect 
to C*UI–1. Therefore, according to equation 2, the diffusion coefficient of U in liquid Cd was evaluated to be 
1.9×10–5 cm2 sec–1 at 773 K from the slope of the regression line in Fig. 4.  
Chronopotentiometry was also performed at 738 and 823 K using the prepared liquid Cd electrode. Like the 
chronopotentiograms at 773 K, a potential plateau and a following potential shift were observed in 
chronopotentiograms at 738 and 823 K. As shown in Fig. 4, linear relationships were observed between W1/2 and 
C*UI
–1 at 738 and 823 K. Then, according to equation 2, the diffusion coefficients of U in liquid Cd were 
evaluated from the slope of the regression line to be 1.7×10–5 cm2 sec–1 at 738 K and 2.3×10–5 cm2 sec–1 at 823 K. 
Figure 5 shows the Arrhenius plot of the evaluated diffusion coefficients at 738, 773 and 823 K, from which the 
activation energy (Ea) was calculated to be 17 kJ mol–1. Since the obtained values in this study were comparable 
with the reported values measured by the capillary method (DU = 1.6×10–5 cm2 sec–1 and Ea = 17 kJ mol–1 at 773 
K [5]), the applicability of the electrochemical method to measure a diffusion coefficient in liquid Cd was 
confirmed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.8
1
1.2
1.4
1.6
1.8
2
2.2
0.0002 0.0003 0.0004 0.0005 0.0006 0.000
W1
/2
(s
ec
1/
2 )
C*U I-1 (mol cm-3 A-1)
823 K
773 K
738 K
Figure 4 Plots of W1/2 against C*U I-1. 
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Figure 5 Arrhenius plot of the diffusion coefficients of 
U in liquid Cd. 
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4.2. Comparison of diffusion coefficients 
In a similar manner to U, the diffusion coefficients of Pu and rare earths (La, Pr, Nd, Gd, Y and Sc) were 
measured in LiCl–KCl melts containing each chloride at 723–823 K [11]. Since linear relationships between W1/2 
and C*I–1 were confirmed in all cases, the diffusion coefficients of Pu and rare earths were evaluated according to 
equation 2. Then, the activation energies were evaluated from the temperature dependence of the diffusion 
coefficients. The evaluated values of diffusion coefficients and activation energies are summarized in Table 1 and 
they were analyzed in terms of the partial molar excess Gibbs energy. The relation between the partial molar 
excess Gibbs energy of a solute in liquid Cd  exG  and activity coefficient in liquid Cd (J) is expressed as follows,  
 
JlnRTG ex    (5) 
 
where R and T are the gas constant and temperature in Kelvin, respectively. From reported values of J [2–4], the 
partial molar excess Gibbs energy was calculated at 773 K as listed in Table 1. The more negative value of the 
partial molar excess Gibbs energy suggests the stronger interaction between the solute and liquid Cd. Figure 6 
shows plots of the diffusion coefficient and activation energy against the partial molar excess Gibbs energy at 
773 K. It was found that the diffusion coefficient and the activation energy decreased and increased, respectively, 
as the partial molar excess Gibbs energy decreased. This tendency implied reasonably that the stronger bonding 
of a solute with liquid Cd lead to the lower diffusivity of the solute in liquid Cd.  
Table 1 The diffusion coefficient (D), the activation energy (Ea) and the partial molar excess Gibbs energy  exG  at 773 K. 
 U Pu La Pr Nd Gd Y Sc 
D × 106 
(cm2 sec–1) 
17 (738K) 
19 (773K) 
23 (823K) 
11 (723K) 
14 (773K) 
16 (823K) 
1.9 (723K) 
2.5 (773K) 
3.4 (823K) 
3.2 (723K) 
3.8 (773K) 
4.3 (823K) 
2.7 (743K) 
3.4 (773K) 
3.9 (823K) 
3.2 (723K) 
3.9 (773K) 
4.3 (823K) 
6.8 (743K) 
8.2 (773K) 
9.3 (823K) 
6.5 (737K) 
7.7 (773K) 
8.0 (823K) 
Ea (kJ mol–1) 17 19 28 15 22 15 19 12 
ex
G  (kJ mol–1) 29.6 –56.2 –124.3 –114.0 –116.9 –91.8 –90.3 –44.4 
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Figure 6 Plots of the diffusion coefficient and activation energy against partial molar excess Gibbs energy at 773 K. 
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5. Conclusion 
This paper summarizes the diffusion coefficients and activation energies of actinides (U and Pu) and rare 
earths (La, Pr, Nd, Gd, Y and Sc) in liquid Cd which were successfully measured by the electrochemical method 
in LiCl–KCl melts containing each chloride at 723–823 K. It seemed that the diffusivity of actinides and rare 
earths in liquid Cd correlated with the partial molar excess Gibbs energy; as the partial molar excess Gibbs 
energy became negative, the diffusion coefficient and activation energy tended to decrease and increase, 
respectively.  
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